Background: E-selectin interactions with glycoprotein ligands mediate the initial capturing of cells out of flow. Results: Adopting a Biacore-based immunoprecipitation binding assay unraveled differential binding kinetics of monomeric (m) versus dimeric (d) E-selectin to endogenous ligands. Conclusion: Although mE-selectin binds transiently, dE-selectin binds with remarkably slow on-and off-rates. Significance: Transitioning from monomeric to dimeric E-selectin could enable fast but firm capturing of cells out of flow.
The emigration of cells out of the circulating flow is a sophisticated process controlled by various adhesion molecules, particularly selectins (E-, P-, and L-selectins), chemokines, and integrins, functioning in a coordinated multistep cascade (1, 2) . Selectins and their respective ligands mediate the first essential step in this process, which initially tethers the flowing cell to the vessel wall and, in the context of vascular shear stress, causes the cell to then roll along the endothelium. These interactions decrease the cellular velocity below that of the prevailing hemodynamic stream and bring the cell into close physical proximity to the vessel wall to initiate the subsequent cell adhesion steps. The mechanisms and post-translational modifications involved in the interaction of the identified ligands with selectins and their subsequent contribution to shear-resistant adhesion are crucial to understanding how cell migration is influenced by disease and how it can be manipulated in therapy.
One well defined example of migration is that of circulating hematopoietic stem/progenitor cells to the bone marrow. E-selectin is constitutively expressed on the bone marrow endothelium (3, 4) , and it has been suggested to interact with several ligands on hematopoietic stem/progenitor cells to mediate the first step in the process of recruitment to the bone marrow. Like its siblings P-and L-selectin, E-selectin is a Ca 2ϩ -dependent lectin that binds to specialized carbohydrate determinants, sialyl Lewis X (sLe x ) 2 (5, 6) , displayed on either a protein scaffold as an N-or O-glycan (i.e. a glycoprotein) or a lipid scaffold (i.e. a glycolipid) (7) (8) (9) .
Researchers have identified many E-selectin ligands on human and mouse cells (for a review, see Ref. 10) . To be functionally classified as a selectin ligand, the glycoprotein should support rolling (through various in vitro assays). In addition, gene deletion/silencing studies and/or blocking monoclonal antibodies (mAbs) against specific ligands should impair selectin-mediated functions on intact cells. To date, no mAbs against glycoproteins that block binding to E-selectin have been identified. This has significantly hindered the ability of researchers to test the physiologic functions of candidate E-selectin ligands on human cells, such as hematopoietic stem/progenitor or leukemic cells, where gene knock-out and gene silencing methods are less feasible. The importance of each ligand to interact with E-selectin in human cells is thus debatable and requires additional attention and methodologies to determine and better understand their involvement.
Ideally, the in vitro characterization of direct E-selectin interactions with its ligands would comprise a pulldown of proteins in their native post-translationally modified form (often achieved through immunoprecipitation (IP) using mAbs) with recombinant proteins using Western blotting. However, IP from cell lysates has several limitations. First, long incubation times of the cell lysate with the antibody are required to enhance the capturing efficiency of the ligand, which assumes that protein stability in the lysate is maintained although this may not be the case. Second, extensive washing steps with buffer to remove nonspecifically bound proteins bias the IP to detect bimolecular interactions among stably bound proteins, resulting in the potential loss of important mechanistic information provided by weak or transient interactions that may exist. Third, the affinity and capturing efficiency of the mAb might be influenced by different post-translational modifications, posing a challenge to IP-based comparative approaches. Lastly, Western blotting-based IP binding studies do not provide quantitative measurements of binding kinetics, making it difficult to provide head-to-head comparisons of different ligands binding with a specific protein receptor.
In this study, we describe a powerful assay that is complementary to previous approaches in which we perform real time IP on a surface plasmon resonance (SPR) chip and directly measure the interaction of E-selectin with its ligands in a quantitative and rapid manner following cell lysis. In this assay, endogenous E-selectin ligands in their native post-translationally modified form are captured with high specificity from whole cell lysates prepared from a human leukemic progenitor (hematopoietic stem/progenitor cell model) cell line, KG1a, via a surface-immobilized mAb. Subsequently, their direct interaction with recombinant E-selectin protein in either monomeric (m) or dimeric (d) form is characterized. We demonstrate through several examples the quantitative nature of our SPR-based IP approach, including the ability to 1) capture residual and transient interactions, 2) directly characterize the contribution of different post-translational modifications on ligands (that contribute particular isoforms of proteins) to the unique antigenic efficiencies of the antibody used for IP, and 3) determine binding constants of antibody-isolated ligands with the adhesion molecule of interest, E-selectin. This assay enabled a comparative and comprehensive binding analysis of CD44/hematopoietic cell E-/L-selectin ligand (HCELL) and P-selectin glycoprotein ligand-1 (PSGL-1) (11) (12) (13) (14) (15) 53) in their native forms from KG1a cells with E-selectin. In addition, we include a comprehensive analysis of CD44/HCELL binding with E-selectin of two additional leukemic cell lines, THP-1 and HL-60. This work will help advance our understanding of the more detailed mechanisms involved in cell adhesion and migration.
Experimental Procedures
Cells-The human cell line KG1a (human acute myelogenous leukemia; serves as hematopoietic stem/progenitor celllike (CD34 ϩ ) model cell line), THP-1 (acute monocytic leukemia), and HL-60 (acute promyelocytic leukemia) cell lines were purchased from ATCC and cultured in RPMI 1640 medium supplemented with 10% FBS (Gibco) and 100 units/ml penicillin/streptomycin (Invitrogen). A transgenic Chinese hamster ovary (CHO) cell line stably expressing full-length mouse E-selectin (CHO-E) (or the plasmid alone (CHO-Mock)) was established in our laboratory by transfection of pEFdest51-based expression plasmid followed by blasticidin selection and isolation and maintained as described previously (11, 14) .
Antibodies, Proteins, and Enzymes-Anti-human CD44 (clone 515, MsIgG 1 ), anti-human/mouse CD44 (clone IM7, rat IgG 2b ), anti-human PSGL-1 (KPL1, MsIgG 1 ), FITC-labeled anti-mouse IgGs (IgG 1 , IgG 2a , and IgG 2b ), and HRP-labeled anti-mouse IgG antibodies were from BD Pharmingen. Antihuman CD44 antibody (Hermes-3, mouse IgG 2a ) was from Abgene, anti-CD34 antibody (EP373Y, rabbit IgG) that recognizes the C terminus of CD34 protein regardless of the glycosylation status and MsIgG isotype antibodies were from Abcam, and HRP-labeled anti-human IgG was from Southern Biotech. The glycoprotease-sensitive CD34 mAb QBend-10 (Novus Biologicals) is sensitive to removal of O-or N-linked glycans on CD34 and is routinely used to detect the efficiency of glycan removal (14, 16) . Recombinant mouse E-selectin/human IgG Fc chimera (dE-selectin), recombinant human monomeric E-selectin derived from CHO cells (mE-selectin), recombinant human CD44 (rH-CD44; purified from NSO cells, a mouse myeloma line that lacks the necessary glycosylation machinery to create sLe x ) (17, 18) , and anti-CD44 (2C5, MsIgG 2a ) were from R&D Systems. O Sialoglycoprotease was from Cedarlane Laboratories. Vibrio cholerae neuraminidase (Newcastle) and peptide: N-glycosidase F (PNGaseF) were from New England Biolabs.
Immunofluorescence Analysis-KG1a cells were cultured overnight on poly-L-ornithine-coated coverslips (Invitrogen). Attached cells were washed three times with washing buffer (HBSS containing 5% normal goat serum), blocked with blocking buffer (HBSS containing 10% normal goat serum), and fixed with 4% paraformaldehyde in HBSS for 15 min at room temperature. KG1a cells were washed three times in washing buffer and double immunostained with recombinant dE-selectin (10 g/ml) and anti-CD44 mAb (5 g/ml) in blocking buffer for 2 h at room temperature. The cells were washed and incubated with appropriate Alexa Fluor 488 anti-human IgG (green)-and Cy-5 anti-mouse IgG (red)-conjugated secondary antibody (Ab) at 10 g/ml for 30 min at 4°C. The cells were mounted on glass slides in ProLong Gold antifade reagent with DAPI (Life Technologies). Images were analyzed using a Zeiss LSM 710 Axio confocal microscope with a 100ϫ oil immersion lens. The images shown are representative of at least three experiments with multiple images taken per slide. Cell surface labeling with secondary Ab or isotype control served as a background control.
Flow Cytometry Analysis-Aliquots of cells (2 ϫ 10 5 cells) were washed with PBS containing 2% FBS and incubated with primary mAbs or with isotype control (either unconjugated or fluorochrome-conjugated). The cells were washed in washing buffer (PBS containing 2% FBS) and for indirect immunofluorescence incubated with appropriate secondary fluorochromeconjugated Ab to isotype Abs. The cells were washed with the same washing buffer, and the fluorescence intensity was determined using a FACSCanto (BD Biosciences).
Cell Lysis, IP, and Western Blotting-Whole cell lysate was prepared by membrane disruption using Triton X-100 lysis buffer (1% Triton X-100, 50 mM Tris base (pH 8.0), 250 mM NaCl, 1 mM PMSF, and protease inhibitor mixture tablet (Roche Applied Science)) at a density of 1 ϫ 10 7 cells/100 l for 1 h at 4°C. The insoluble materials were cleared by centrifugation at high speed for 30 min at 4°C. The lysate was precleared three times (20 min each) with Protein G-agarose and then incubated with 3 g of CD44 Ab (1:1 mixture of 515 and 2C5 unless otherwise stated) for 2 h at 4°C. The lysate and Ab mixture was added to 50 l of clean Protein G-agarose beads (the beads were prewashed three times with lysis buffer containing 2% BSA and three times with lysis buffer). The mixture was then incubated for 4 h at 4°C under rotation (1400 rpm); washed three times in lysis buffer containing 2% BSA and three times in lysis buffer diluted with NuPAGE lithium dodecyl sulfate sample buffer (2ϫ) (Invitrogen) and ␤-mercaptoethanol (10 mM; Fisher); and heated for 10 min at 70°C. For Western blot analysis, resultant proteins were run on a 4 -20% SDS-polyacrylamide gradient gel and transferred to an immunoblot PVDF membrane (Bio-Rad) blocked with 5% nonfat milk in buffer containing TBS, Tween 20, 10 mM HEPES, and 2 mM CaCl 2 . Membranes were immunostained with 1 g/ml recombinant dE-selectin chimera or the primary Ab of interest followed by incubation with the appropriate HRP-conjugated secondary Ab. Blots were visualized with chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).
CD44 Purification (for Reciprocal SPR Assay)-IP of CD44 and subsequent washing steps were performed as described under "Cell Lysis, IP, and Western Blotting" using Hermes-3 mAb. CD44 was eluted from the mAb and Protein G beads by incubating overnight at 4°C in 500 l of elution buffer (8 M urea, 4% Triton X-100, and 130 mM DTT). The supernatant was cleared by centrifugation (1500 rpm) and dialyzed overnight in dialysis buffer (50 mM NaCl, 50 mM Tris base (pH 8.0), 1 mM CaCl 2 , and 1% Triton X-100) using 10-kDa molecular masscutoff tubing. The concentration was determined using Pierce TM BCA Protein Assay kit. The purified CD44 was confirmed by Western blot analysis.
Enzyme Treatment-The cell lysates were prepared as described above at a density of 1 ϫ 10 7 cell/100 l. N-Linked glycoprotein was removed by treating the lysate with commercially available PNGase F (8 units/ml) diluted with G7 buffer (50 mM sodium phosphate (pH 7.5)) and 1% Nonidet P-40 for 24 h at 37°C. O-Glycans were removed by O-sialoglycoprotein endopeptidase (OSGE) (240 g/ml) treatment for 4 h at 37°C. OSGE was lyophilized in HEPES buffer (pH 7.4) and replenished in the same buffer containing 1% BSA. Sialic acid was removed by incubating V. cholerae neuraminidase (0.2 unit/ml) in 50 mM sodium acetate buffer (pH 5.5) containing 5 mM CaCl 2 and 150 mM NaCl with lysate for 3 h at 37°C. As a control for the treatment conditions, the lysates for each enzyme digestion were treated with the same buffer and incubated for the same duration and temperature but without the enzymes. These lysates were protected from degradation by protease inhibitor mixture from Roche Applied Science and PMSF (1 mM).
SPR-SPR binding experiments were performed using a Biacore T-100 system (GE Healthcare) at 25°C. The system and flow cells were washed with the corresponding running buffer (filtered with a 0.2-m filter and degassed) by conducting two priming steps. Immobilization of mAbs on a carboxymethylated (CM5) dextran sensor chip was performed using an amine coupling kit (Biacore) in accordance with the manufacturer's instructions. Briefly, the immobilization steps were performed in HBS-EP buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, and 0.005% surfactant P20). A CM5 chip was activated with a 7-min injection of a 1:1 ratio mixture of N-hydroxysuccinimide (0.1 M) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (0.4 M) at a flow rate of 5 l/min. The mAb was then injected at a concentration of 20 g/ml in 10 mM sodium acetate buffer (pH 5.0) at a flow rate of 10 l/min to reach an immobilization level between 4000 and 8000 response units (RU). The surface was then deactivated using a 7-min injection of 1 M ethanolamine hydrochloride at a flow rate of 5 l/min. The exact number of RU for each immobilized mAb is specified in the text and/or corresponding figure legends. A control flow cell that was immobilized with an equal amount of the mAb corresponding isotype control was used to correct for the bulk refractive index of the buffer and nonspecific interactions with the surface and with the mAb. In the case of HL-60 and THP-1 cell lysates, the lysates were incubated with Fc receptor blocking reagent (15 l/3 ϫ 10 7 cells) for 1 h at 4°C to minimize nonspecifically interacting materials in the lysate with antiMsIgG 2a isotype control. Analysis of nonspecific interactions with the CM5 surface was performed with a flow cell that underwent the same immobilization procedure but without the Ab. Further binding experiments were performed at a standard flow rate of 20 l/min unless otherwise specified in running buffer (1% Triton X-100, 50 mM NaCl, 50 mM Tris base (pH 8.0), and 1 mM CaCl 2 ). Whole cell lysates were prepared as described above, cleared by centrifugation, and injected over the immobilized Abs for a standard time of 500 s unless otherwise specified. The flow cells were washed with running buffer for a standard time of 3 min unless otherwise specified to remove nonspecifically mAb-bound proteins.
Reciprocal SPR binding experiments were performed similarly to that described above except that dE-selectin (13,000 RU) was immobilized on the CM5 chip, whereas purified CD44 (from KG1a lysate; 1150 nM) was introduced in the flow. A blank flow cell was used as a control to correct for the bulk refractive index of the buffer and nonspecific interactions with the surface.
To determine the purity of captured ligands, i.e. CD44, a CD44 recovery experiment was performed on a CM5 chip with three flow cells immobilized with 515 mAb and the fourth immobilized with the MsIgG 1 isotype control. The experiment was conducted in accordance with the recovery method in the Biacore T-100 software. Briefly, KG1a lysate was injected at 20 l/min for 600 s followed by a buffer washing step for either 1 or 5 min at 20 l/min (the same flow rate as that used in the binding experiment). The captured proteins were incubated for 30 min with buffer containing 1% Triton X-100, 50 mM NaCl, 50 mM Tris base (pH 8.0), and 5 mM EDTA and subsequently eluted in a total volume of 10 l. The cycle of CD44 binding and elution was repeated five times, and the total sample was analyzed by Western blotting as described above (without the Protein G beads and the associated washing steps).
dE-selectin was injected at a standard concentration of 177 nM (diluted in the running buffer) for a standard time of 130 s unless otherwise specified. The standard regeneration step for removing the bound dE-selectin was a 130-s injection of running buffer containing 1 M NaCl at a flow rate of 45 l/min. The regeneration condition in the PNGase F, OSGE, and sialidase treatment study included, in addition to the standard regeneration step, an extra step to remove the bound CD44 from the CD44 mAb by washing with running buffer for 1 h. This regeneration procedure was effective in the case of 515 mAb, which tended to have lower affinity to CD44 in our experiments. However, in the case of Hermes-3 mAb, which bound with higher affinity to specific CD44 glycoforms, increased washing times were required. As a result, experiments were performed beginning with the enzyme-treated lysates because only minimal (to no) binding of CD44 to dE-selectin was observed.
Data analysis was performed using Biacore evaluation software. When sensorgram normalization was applied to even out the difference in the level of mAb-captured CD44 among different flow cells and/or different lysate injections, the entire sensorgram was multiplied by a normalization factor that was defined based on its relative RU just prior to dE-selectin injection to the RU in the flow cell with the highest accumulated CD44. The relationship among the amount of immobilized proteins (RU ligand ), the bound protein (RU analyte ), and their stoichiometry was calculated based on Equation 1. Note that the calculated ligand and analyte molecular weights are based on apparent molecular weight determined by SDS-PAGE. The determination of the equilibrium dissociation binding constant (K D ) was performed simultaneously on CD44 that was captured by immobilized Hermes-3 mAb (designated as "CD44⅐Hermes-3 mAb" complex) and PSGL-1 that was captured by immobilized KPL-1 mAb (designated as "PSGL-1⅐KPL-1 mAb" complex) from KG1a lysate (injected at a flow rate of 30 l/min for 700 s). Subsequently, dE-selectin was injected at different concentrations in a sequence of low to high concentrations with no regeneration step between subsequent dE-selectin injections at a flow rate of 30 l/min for 130 s. A 60-s buffer washing step was performed at the end of each dEselectin injection. The maximum RU reached prior to the start of the wash with buffer (RU max ) where a steady-state condition was nearly met was blotted against the dE-selectin concentration and fitted using the steady-state model provided by the Biacore evaluation software to determine the K D value. The dissociation rate constant (k off ) of the CD44 from Hermes-3 mAb or the apparent dissociation rate constant (k off-apparent ) of the interaction of CD44⅐Hermes-3 mAb with dE-selectin (the dissociation of CD44 or CD44⅐dE-selectin from Hermes-3 mAb and/or the dissociation of dE-selectin from CD44⅐Hermes-3 mAb complex) from a single concentration type binding study was calculated by fitting the stable phase in the buffer washing step using the Biacore evaluation software. For calculating the activity of the surface-immobilized ligand to bind dE-selectin, we used Equation 1 to calculate the theoretical RU max and compare it with that obtained experimentally from the binding isotherm.
Blot Rolling Assay-The blot rolling assay permits detection of physiological shear-dependent selectin interactions on membrane protein ligands (CD44/HCELL) resolved by SDS-PAGE; it was performed as described previously (19, 20) . Briefly, Western blots of immunoprecipitated CD44 and PSGL-1 membrane proteins were stained with anti-sLe x mAb (HECA-452), and the membrane was rendered translucent by immersion in HBSS containing 5 mM HEPES and 10% glycerol. CHO-E cells were resuspended (5 ϫ 10 6 /ml) in HBSS containing 5 mM HEPES, 2 mM CaCl 2 , and 10% glycerol adjusted to different NaCl concentrations (50, 150 , and 200 mM). The blots were placed within a parallel plate flow chamber, and CHO-E cells were perfused at a physiologically relevant shear stress of 0.25 dyne/cm 2 with an adjustment in the volumetric flow rate made to account for the increase in viscosity due to the presence of 10% glycerol in the flow medium. Molecular weight markers were used as a guide to aid placement of the flow chamber over the stained bands of interest. CHO-E cell suspensions containing 5 mM EDTA, which eliminates divalent cation-dependent E-selectin adhesion, were used as a control for defining the level of nonspecific adhesion above which CHO-E cell adhesion was considered. The results are reported from six experiments using four fields of view per experiment.
For single cell tracking, images were acquired at one frame/s in avi format and then converted to TIFF format. The background was subtracted, and the contrast was enhanced using NIH ImageJ. The processed TIFF files were imported into Imaris V7 software (Bitplane) for tracking rolling cells. The cells were treated with a "spot" function in the "Surpass" menu, and the centroid position was determined using both the minimum diameter of the cells (10 m) and their minimum threshold intensity. The accuracy in determining the centroid position of the cells as a result of Brownian motion was determined using cells that were stuck on the surface (n ϭ 17) and was found to be 10 Ϯ 4 m. The clustered cells or those that remained in the field of view for less than 4 s were eliminated, the rest of the cells were tracked using an "autoregressive motion algorithm," and their position coordinates were extracted as an Excel file. The displacement in the X and Y direction were separated and normalized using custom MATLAB code. The X-position of each rolling cell (parallel to the flow) versus time was plotted in OriginPro. Displacements greater than four acquisition data points (4 s) were considered as rolling events, and those that were less than four acquisition data points were considered as adhesion events. Displacements that were more than 30 m/s (3ϫ the minimum diameter of the cell) were not considered as they were likely to arise from imperfection in the membrane. The velocity, V x (m/s), was calculated by fitting the slope of only the moving phase of the rolling cells (i.e. the adhesion phase where the cells did not move was not included and was considered to mark a new cell rolling event) with a linear fit in OriginPro, and the average velocity for each condition was calculated from the average of the slopes. The average distance traveled by the cells for each condition corresponds to the average of the distances traveled during the moving phase of the rolling cells.
Statistical Analysis-Data are expressed as the means ϮS.E. Statistical significance of differences between means was determined by one-way analysis of variance. If means were shown to be significantly different, multiple comparisons were performed post hoc by the Tukey t test. Statistical significance was defined as p Ͻ 0.05.
Results

CD44/HCELL Supports E-selectin-dependent Interactions as
Measured by Conventional Binding Assays-In this study, we used the well established E-selectin ligand CD44/HCELL (11) expressed on KG1a cells as a model ligand to develop and examine the performance of our SPR-based IP method. We first validated the recombinant-E-selectin-IgG chimeric protein (dE-selectin) interaction with CD44/HCELL by flow cytometry (Fig. 1A) , confocal microscopy ( Fig. 1B) , and Western blot analysis (Fig. 1C) . We further used the blot rolling assay (19, 20) to evaluate binding of CHO-E perfused over HECA-452-immunostained blots of immunoprecipitated CD44/HCELL from KG1a lysates. As illustrated in Fig. 1D , CHO-E cells interacted and adhered to CD44/HCELL specifically and was abrogated when either control CHO cells (CHO-Mock; no E-selectin) were used or when CHO-E cells were suspended in flow medium containing 5 mM EDTA (confirming that binding is Ca of interest (i.e. CD44) is specifically captured, and 3) addition of recombinant dE-selectin under flow. As illustrated in the binding sensorgrams in Fig. 2B , at the end of the lysate injection and during the wash with buffer, we observed a significant accumulation of RU in the 515 mAb channel compared with only residual RU in the control flow cells that did not contain mAb (blank) or contained an isotype control (MsIgG 1 ) specific for the mAb of interest (isotype). We next investigated whether the captured CD44 is associated in multiligand complexes by recovering the 515 mAb-bound protein(s) as described under "Experimental Procedures" after introducing a 1-or 5-min buffer washing step at the end of the lysate injection and analyzing the recovered protein(s) by Western blotting. Immunostaining with CD44 mAb verified the presence of CD44 after both the 1-and 5-min buffer washing steps (Fig. 2B, inset) .
Immunostaining for the presence of PSGL-1, a highly expressed E-selectin ligand on hematopoietic cells, showed that a 5-min wash with buffer effectively removed PSGL-1 contamination (Fig. 2B, inset) . The fact that a mAb works in solution-based IP does not guarantee it will work when immobilized to the CM5 surface. Flow cytometry and IP were first used to assess the ability of three different clones of CD44 mAbs (515, Hermes-3, and IM7) to interact with KG1a cells (Fig. 2, C and D) . However, upon coupling to CM5, IM7 mAb completely lost its ability to capture CD44 (no accumulation of RU occurs at the end of lysate injection), whereas both 515 mAb and Hermes-3 mAb captured CD44 but with distinctive affinities (Fig. 2E) ; the dissociation rate constant (k off ) during the washing step with buffer for CD44 binding to 515 mAb was 12-fold faster than to Hermes-3 mAb (Fig. 2E ). Based on Equation 1 and the maximum RU reached at the end of the lysate injection and just prior to the start of the wash with buffer (RU max ) (1040 and 640 RU in 515 mAb and Hermes-3 mAb, respectively), we estimated that 515 mAb and Hermes-3 mAb (ϳ150 kDa) captured CD44 (ϳ80 kDa) with only ϳ27 and ϳ20% efficiency, respectively. In general, we observed low ligand capturing efficiency, which we attributed to the immobilization of the mAb (rendering its binding site inaccessible) and/or to the low expression level of the endogenous ligands.
We next examined the ability of the CD44⅐515 mAb and CD44⅐Hermes-3 mAb complexes to interact with dE-selectin. All SPR binding studies were conducted in running buffer containing 50 mM NaCl unless otherwise stated. A marked increase in RU was detected during dE-selectin injection (177 nM) in the case of CD44⅐515 mAb and CD44⅐Hermes-3 mAb, but in the case of IM7 mAb, which failed to capture CD44, no dE-selectin RU was detected (Fig. 2E) . The high stability of the CD44⅐Hermes-3 mAb complex makes it ideal for quantitative analysis of dE-selectin binding to CD44. The k off-apparent of the dissociation phase, which consists of the dissociation of CD44 or CD44⅐dE-selectin from Hermes-3 mAb as well as the dissociation of dE-selectin from CD44⅐Hermes-3 mAb, was 0.9 ϫ 10 Ϫ4 s Ϫ1 (Fig. 2E) . However, because the k off of CD44⅐Hermes-3 mAb and presumably CD44⅐dE-selectin from Hermes-3 mAb is only 1.5-fold slower than the k off-apparent (Fig.  2E) , the estimated k off-apparent would be a close approximation of the k off of the CD44⅐dE-selectin complex. It should be noted that although CD44⅐515 mAb forms a weak complex, the significant accumulation of RU during both dE-selectin injection and buffer wash still suggest that it interacted with dE-selectin (Fig. 2E) . EDTA abrogated the binding between dE-selectin (177 nM) and CD44⅐Hermes-3 mAb complex, and this could be reversed with the introduction of Ca 2ϩ during the dE-selectin injection (Fig. 2F) , confirming the specificity of this interaction.
We further confirmed the interaction of CD44 with dE-selectin by conducting a reciprocal binding scheme to that presented in Fig. 2A . To this end, dE-selectin was immobilized on the CM5 chip surface (instead of the mAb against the ligand), and purified CD44 was injected over the dE-selectin. We partially purified native CD44 by IP from KG1a cell lysate as described under "Experimental Procedures" and assessed binding by both SPR (Fig. 2G, left) and Western blot analysis (inset). CD44 bound dE-selectin with slow on-and off-rates as evident by the slow accumulation of RU during CD44 injection and the accumulation of RU during the buffer washing step that dissociated with slow k off-apparent (Fig. 2G, right) .
Using SPR to Characterize the Glycans Required on CD44/ HCELL to Bind E-selectin-CD44 possesses five conserved positions for N-linked glycosylation and multiple sites for Step 1, mAb immobilization on CM5 chip; step 2, lysate injection to capture CD44; step 3, injection of dE-selectin. B, raw data of KG1a lysate injection on surfaceimmobilized mAb. Three flow cells were used in this experiment: blank (dashed line), immobilized 515 mAb (5500 RU; gray line), and immobilized isotype control (5000 RU; black line); the mAb immobilization (step 1) is not shown. Arrows mark the start and end of the lysate injection followed by washing with a running buffer (step 2). The sensorgrams are uncorrected for the bulk refractive index of the buffer and therefore display a large increase in RU during the lysate injection. Inset, Western blot analysis of 515 mAb-captured proteins from crude KG1a lysate. Captured proteins were eluted (as described under "Experimental Procedures") following a buffer wash of either 1 or 5 min. The recovered material was analyzed by Western blotting with CD44 mAb (left panels) and/or with PSGL-1 mAb (right panels). C, flow cytometry was used to determine the ability of three different clones of CD44 mAbs (515, Hermes-3, and IM7) to stain CD44 on KG1a cells. The dotted curves represent isotype controls, and the shaded curves represent specific binding. D, Western blot analysis of the efficiency of three different clones of CD44 mAbs (515, Hermes-3, and IM7) to each immunoprecipitate CD44 from KG1a lysate; blots were stained with CD44 (515, Hermes-3, and IM-7) and HECA-452 mAbs. E, CD44 mAb clones (515 (7200 RU; gray line), Hermes-3 (5740 RU; black line), and IM7 (4100 RU; dashed line)) or isotype (4600 RU) was immobilized to capture CD44 from KG1a lysate. Subsequently, dE-selectin binding to the captured CD44 was determined. The mAb immobilization step is omitted. The sensorgrams show the lysate injection followed by dE-selectin injection (177 nM), which are normalized after subtracting the bulk refractive index and nonspecific interaction using the control isotype flow cell. k off is the dissociation rate constant for CD44 from Hermes-3 mAb or 515 mAb, and k off-apparent is for dE-selectin or CD44⅐dE-selectin from Hermes-3 mAb or 515 mAb and dE-selectin from CD44⅐Hermes-3 mAb or CD44⅐515 mAb. F, using Hermes-3 mAb (3670 RU) to capture CD44 and isotype control (3600 RU), the Ca 2ϩ -dependent binding of CD44 to dE-selectin was measured as in E above. dE-selectin (177 nM) was injected first in the presence of 5 mM EDTA and then in the presence of 1 mM CaCl 2 . This is representative of two independent experiments. G, purified CD44 from KG1a lysate (1 M; according to "Experimental Procedures") was injected for 200 s at 20 l/min over either immobilized Hermes-3 mAb (left) or immobilized dE-selectin (right). 13,000 RU of dE-selectin was immobilized using an amine coupling kit on a CM5 chip. Inset, Western blot of purified CD44 from KG1a lysate stained for CD44 (using Hermes-3 mAb). All SPR binding was conducted in running buffer containing 50 mM NaCl. k off is for CD44⅐dE-selectin complex. This is representative of n ϭ 2 independent experiments. For all SPR experiments, k off and k off-apparent were calculated by fitting the stable phase in the buffer washing step using the Biacore evaluation software.
O-linked glycosylation (21) . The importance of glycosylation of E-selectin ligands is illustrated by the inability of hypoglycosylated rH-CD44 (17, 18) captured by the 2C5 mAb to either bind to dE-selectin in our SPR binding assay (Fig. 3A) or be recognized by the sLe x/a mAb HECA-452, which is commonly required for E-selectin recognition, in a Western blot (Fig. 3B,  top panel) . It should be noted that 2C5 mAb but not 515 mAb was able to recognize rH-CD44 in SPR (Fig. 3A) and Western blot analysis (Fig. 3B, bottom panel) . To characterize the contribution of glycans on CD44 to dE-selectin binding by SPR, enzymes were used to remove N-glycans (PNGase F) or O-glycans (OSGE) prior to the binding measurements. Sensorgrams of dE-selectin (354 nM) binding to CD44⅐Hermes-3 mAb from either PNGase F-treated lysate (treated) or control lysate that underwent the same treatment conditions (buffer and incubation times/temperatures) but in the absence of the treatment enzyme (control) are shown in Fig. 3C . To perform comparative analysis, we normalized the amount of mAb-captured ligands prior to dE-selectin injection as described under "Experimental Procedures." As evident in Fig. 3C, removal of N resulted in an ϳ9-fold reduction in RU max . However, the residually bound dE-selectin formed a stable complex that dissociated with 16-fold slower k off-apparent than did the control lysate (Fig. 3C) . Considering the higher stability of CD44⅐Hermes-3 mAb from treated relative to control lysates (Fig. 3C) , this 16-fold difference in k off-apparent is a higher estimate. These results indicate that N-glycans enhance the association but not the stability of dE-selectin⅐CD44 complex. To determine whether the residual staining of CD44/HCELL by dE-selectin following PNGase F treatment reflects incomplete enzyme digestion of CD44 N-glycans (Fig. 3D) , we used the anti-CD34 mAb QBend-10 to assess the extent of removal of CD34 N-glycans following PNGase F treatment. QBend-10 mAb was able to recognize control samples (not treated with PNGase F) but completely lost its epitope recognition following PNGase F treatment (Fig. 3D) , which is consistent with results published previously (16) . Moreover, the CD34 recognized by glycan-insensitive mAb (EP373Y; recognizes the C terminus of CD34) displayed faster mobility on SDS-PAGE, confirming the efficacy of the treatment and the presence of PNGase F-treated protein ( Fig. 3D ) (16) . Interestingly, removal of the N-glycan increased the antigenic activity of Hermes-3 mAb to capture CD44; 2.5-fold more CD44⅐Hermes-3 mAb complex was formed in the treated lysate prior to the injection of dE-selectin, and it dissociated with a 3-fold reduction in k off in comparison with the control lysate (Fig. 3C ). This increase in antigenic activity was confirmed by Western blotting (Fig. 3D) . Furthermore, the treatment condition itself (24-h incubation at 37°C) affected the stability of the CD44⅐Hermes-3 mAb complex as evident by its 3-fold higher k off value relative to that when formed using fresh lysate (cf. Fig.  3C with Fig. 2E ). Our real time SPR-IP therefore provides a simple, quick, and direct measurement of such variation in mAb antigenicity to different glycoforms that is not easily detectable using conventional Western blot analyses.
We observed similar behavior for PNGase F treatment on CD44 interactions with dE-selectin when 515 mAb was used to capture in either SPR (Fig. 3E) or Western blot analysis (Fig.  3D) . The effect of treatment on the antigenic activity of 515 mAb, however, was less pronounced than on Hermes-3 mAb (Fig. 3, C-E) . This further supports our conclusion that the reduced binding of dE-selectin upon PNGase F treatment is not due to reduced ability of Hermes-3 mAb or 515 mAb to capture CD44.
Treatment with OSGE to remove O-glycans reduced the RU max of dE-selectin binding to CD44⅐Hermes-3 mAb by ϳ50-fold (Fig. 3F) . It is important to note that OSGE treatment resulted in the opposite antigenic effect (compared with PNGase F) where a 1.5-fold reduction in the amount of CD44⅐Hermes-3 mAb was formed prior to the injection of dEselectin (Fig. 3F) . This was further confirmed by Western blot analysis (Fig. 3G, top panel) . This reduction, however, is minor relative to the significantly reduced binding of dE-selectin to CD44 observed using either Hermes-3 mAb (Fig. 3F ) or 515 mAb (Fig. 3H) . Finally, to even out these differences in the ability of these antibodies to capture their antigenic epitopes following treatment with OSGE, we adjusted the IP lysate amount (i.e. increased) used for the OSGE-treated condition prior to Western blot analysis (under denaturing conditions). As illustrated in Fig. 3G (middle panel) , dE-selectin binding is still markedly reduced, although equivalent amounts of CD44 were represented in treated and control samples. QBend-10 mAb was used to confirm the removal of O-glycans (Fig. 3G, bottom  panel) (14, 16) . Finally, treatment with sialidase to remove the sialic acid (included in the sLe x structure) completely abolished the interaction of dE-selectin with CD44⅐Hermes-3 mAb (Fig.  3I ) or CD44⅐515 mAb (Fig. 3J ) by SPR and in Western blot analysis (Fig. 3K) .
Determination of Equilibrium Binding Constants of Endogenous E-selectin Ligands-We next determined the K D of dE-
selectin with the stably captured CD44⅐Hermes-3 mAb complex in buffer containing 50 mM NaCl. dE-selectin binding displayed a dose-dependent response (Fig. 4A) ; using a steadystate model, the K D was calculated to be 137 Ϯ 6 nM (n ϭ 3; Fig.   FIGURE 3 . Characterization of glycans essential for mediating binding of CD44/HCELL to E-selectin using SPR. A, CD44 mAb clones (515 (7000 RU; black line) and 2C5 (8600 RU; gray line)) or isotype control (8000 RU) was immobilized to capture rH-CD44. The mAb immobilization step is omitted. The sensorgrams show the lysate injection followed by dE-selectin injection (177 nM), which are normalized after subtracting the bulk refractive index and nonspecific interaction using the control isotype flow cell. No binding of rH-CD44 to dE-selectin was detected. This is representative of n ϭ 2 independent experiments. B, rH-CD44 and CD44 immunoprecipitated from KG1a lysate was run on a 4 -20% SDS-polyacrylamide gradient gel and transferred to a PVDF membrane for Western blot analysis. The membrane was blotted with anti-sLe x mAb (HECA-452 clone) (top panel). To confirm the presence of CD44, rH-CD44 was blotted and stained with either 2C5 or 515 anti-CD44 mAb (bottom panels). Note that rH-CD44 could be blotted with 2C5 but not with 515 (bottom panel) but lacked sLe x/a , which is required for E-selectin recognition (as evident by the absence of HECA-452 mAb binding) (top panel). C, Hermes-3 mAb (3270 RU) (isotype control, 2570 RU) was immobilized to capture CD44 from KG1a lysates that had been either treated with PNGase F (Treated; black line) or not (Control; gray line). Following CD44 capture, dE-selectin was injected at 354 nM. The same surface was used for both the treated and control binding studies with a regeneration step between the two runs. The normalized (dashed line) sensorgram is the same as control but normalized to the treated sensorgram based on the ratio of accumulated CD44 RU prior to dE-selectin injection. k off and k off-apparent were calculated as described in Fig. 2E . This is representative of n ϭ 2 independent experiments. D, for Western blot analysis, CD44 was immunoprecipitated (with 515 or Hermes-3) from equivalent amounts of KG1a lysates either treated with PNGase F (ϩ) or not (Ϫ) and blotted with either dE-selectin (top panel) or CD44 (middle panel). Note the disappearance of the QBend-10 signal due to the N-glycan removal, whereas equal amounts of CD34 protein were recognized by the CD34 mAb EP373Y (C-terminal domain of CD34; bottom panels). E, this SPR study was performed as in C except using 515 mAb (4000 RU) and its isotype (2570 RU) in place of Hermes-3 mAb. This is representative of n ϭ 3 independent experiments. F and H, SPR analysis of OSGE treatment was performed as in C and E, respectively, using Hermes-3 mAb (8000 RU) (isotype control, 5000 RU) (F) or 515 mAb (5900 RU) (isotype control, 5000 RU) (H). These are representative of n ϭ 2 independent experiments for Hermes-3 mAb and n ϭ 3 independent experiments for 515 mAb. G, CD44 was immunoprecipitated following OSGE treatment as in D and subjected to Western blotting for CD44 (top panel). Because following OSGE treatment the Hermes-3 mAb does not immunoprecipitate CD44 as efficiently as untreated CD44, CD44 immunoprecipitations were performed on adjusted amounts of OSGE-treated samples (i.e. 3 times more OSGE-treated KG1a lysate) and subjected to Western blot analysis for CD44 and dE-selectin (middle panel). Note that this is consistent with the SPR results in F and H. Qbend-10 was used as an internal control to confirm O-glycan removal as in D (bottom panel). I and J, SPR analyses of sialidase treatment were performed as in C and E using Hermes-3 mAb (5440 RU) (isotype control, 4000 RU) (I) or 515 mAb (5461 RU) (isotype control, 4036 RU) (J). These are representative of n ϭ 3 independent experiments. K, Western blot analysis of sialidase treatment was performed as in D. All SPR binding studies were conducted in a running buffer containing 50 mM NaCl. The treated and control bindings were performed on the same flow cell with a regeneration step between the two runs. dE-selectin was injected at 354 nM unless stated otherwise. , and 800 nM that are spaced by a 60-s buffer washing step to CD44 captured from a KG1a lysate injection over surface-immobilized Hermes-3 mAb (7142 RU). The lysate injection is not shown. The sensorgrams are corrected for the bulk refractive index and nonspecific interactions using isotype control (6852 RU). K D was determined by fitting the binding isotherm using a steady-state model and the RU max values just prior to the start of the buffer injection where steady-state conditions were nearly met (inset). k off-apparent was calculated as described in Fig. 2E , and k on-apparent was calculated based on the determined K D and k off-apparent values. B, binding of different concentrations of dE-selectin to CD44 at 200 mM NaCl; the experimental conditions are similar to those in A with the following concentration range used: 25, 50, 100, 200, 400, 800, and 1600 nM dE-selectin. The RU value for Hermes-3 mAb was 4900, and that for the isotype control was 4280. C, binding of different concentrations of dE-selectin to PSGL-1 at 50 mM NaCl; the experimental conditions are similar to those in A with the same concentration range of dE-selectin used. The RU value for the KPL-1 mAb was 8200, and that for the isotype control was 6852. D, binding of different concentrations of dE-selectin to PSGL-1 at 200 mM NaCl; the experimental conditions are similar to those B with the same concentration range of dE-selectin used. The RU value for KPL-1 mAb was 5800, and that for the isotype control was 4280. E, summary of binding constants of CD44⅐dE-selectin and PSGL-1⅐dE-selectin at 50 and 200 mM NaCl concentration from three independent experiments of those shown in A-D. The binding study was performed and analyzed as described in A and B.
Real Time Immunoprecipitation of Selectin Ligands
4, A and E).
The k off-apparent estimated from the dissociation rate following the last dE-selectin injection in the binding isotherm was 1.7 ϫ 10 Ϫ4 Ϯ 0.1 ϫ 10 Ϫ4 s Ϫ1 (Fig. 4, A and E) . We therefore estimated the apparent association rate constant (k on-apparent ) to be 1200 Ϯ 82 M Ϫ1 s Ϫ1 (Fig. 4E) . These results demonstrated that CD44 bound dE-selectin with slow on-/slow off-rate kinetics.
Western blot analysis showed that the endogenous immunoprecipitated CD44 existed in different glycoforms that interact with dE-selectin (Fig. 1C) . Using Equation 1, 1:1 stoichiometry, and the binding curve in Fig. 4A , we estimated that ϳ14% of the 7460 RU of the mAb (ϳ150 kDa) captured 550 RU of CD44 (ϳ80 kDa, monomer) to result in a total RU ligand of 1580; 1030 RU are attributed to the 14% of the surface-immobilized mAb, and 550 RU are from the captured CD44. The expected RU max from the binding of dE-selectin (300 kDa; dimer form of E-selectin) to 1580 RU ligand (mAb in complex with CD44; ϳ230 kDa) assuming 1:1 stoichiometry of CD44⅐dE-selectin interaction is 2060 RU. We estimated the RU max from the steady-state fit to be 1200 RU. It is possible that not all captured CD44 is properly oriented to interact with dE-selectin because CD44 is immobilized indirectly to the CM5 surface via mAb. Therefore, we estimated that 60% of the captured monomeric CD44 was able to interact with dE-selectin. However, this percentage could be an upper estimate because we did not rule out the possibility that CD44 could bind more than one dE-selectin. The ability of SPR to quantify the percentage of active molecules provides another insight into the influence of post-translational modification on protein/protein interaction.
Previous studies showed that the selectin interaction with sLe x is electrostatic in nature because it is markedly reduced at higher salt concentrations (22) . We observed that the K D at 200 mM NaCl (663 Ϯ 48 nM; n ϭ 3) increased by 5-fold in comparison with 50 mM NaCl (137 Ϯ 6 nM; p Ͻ 0.001) (Fig. 4, B and E) . The k off-apparent estimated from the binding isotherm following the last dE-selectin injection was 1.5 ϫ 10 Ϫ4 Ϯ 0.1 ϫ 10 Ϫ4 s Ϫ1 , whereas the k on-apparent was estimated to be 226 Ϯ 28 M Ϫ1 s Ϫ1 (Fig. 4, B and E) . These results indicated that CD44 and dE-selectin binding maintained the same off-rates at 200 mM NaCl relative to 50 mM NaCl, whereas the on-rate decreased by 5-fold (p Ͻ 0.001).
Antibodies that block specific ligand binding to E-selectin have not been described, making it difficult to compare the contribution of individual ligands to the overall E-selectin binding of a cell. Furthermore, the difference in the expression levels of different ligands and in their IP efficiency, which is inherently influenced by glycosylation differences, makes comparative analysis tricky to perform. Therefore, we sought to use this SPR-based IP assay to perform a comparative analysis of E-selectin binding with another well known ligand, PSGL-1. PSGL-1 formed a highly stable complex with the surfaceimmobilized KPL-1 mAb that is comparable with the CD44⅐Hermes-3 mAb complex (Fig. 4C) . At 50 mM NaCl, dEselectin bound captured PSGL-1⅐KPL-1 mAb with a K D comparable to that of CD44⅐Hermes-3 mAb: 178 Ϯ 22 nM (n ϭ 3) compared with 137 Ϯ 6 nM (Fig. 4, C and E) . The estimated k off-apparent and k on-apparent from the binding isotherm were (Fig. 4, C and E) , demonstrating that PSGL-1 bound dEselectin with slow on/slow off kinetics that are comparable with those between CD44 and dE-selectin. Using a similar calculation scheme, we estimated that the captured PSGL-1 (ϳ240 kDa dimer; valency ϭ 2) was 200% active in binding to dEselectin; i.e. each dimer of PSGL-1 bound two dE-selectin molecules (Fig. 4C) . Interestingly, dE-selectin bound PSGL-1 and CD44 with comparable k on-apparent and k off-apparent despite their significant difference in stoichiometry. This indicated that different binding sites are likely to act independently.
PSGL-1 binding to dE-selectin also displayed salt dependence where the K D increased by 6-fold when the NaCl concentration was increased to 200 mM (1150 Ϯ 118 nM; n ϭ 3) (Fig. 4,  D and E) , demonstrating that PSGL-1 is slightly more sensitive to salt than CD44 (p Ͻ 0.05). The estimated k off-apparent and k on-apparent from the binding isotherm were 1.9 ϫ 10 Ϫ4 Ϯ 0.2 ϫ 10 Ϫ4 s Ϫ1 and 165 Ϯ 13 M Ϫ1 s Ϫ1 , respectively (Fig. 4, D and E) . These results indicate that increasing the salt concentration from 50 to 200 mM NaCl had no effect on the off-rate of the PSGL-1 interaction with dE-selectin but reduced its on-rate by 7-fold (p Ͻ 0.01).
The weaker interaction of dE-selectin with PSGL-1 at higher salt concentrations in our SPR experiment was corroborated by blot rolling assays comparing CD44 and PSGL-1 at varying NaCl concentrations. When the salt concentration was increased from 50 to 200 mM, a 4-fold reduction in the number CHO-E cells rolling on PSGL-1 was observed compared with only a 2-fold reduction on CD44 (Fig. 5, cf. A with B) . Single cell tracking of CHO-E cells was performed as described under "Experimental Procedures" to gain more quantitative information on the CD44 and PSGL-1 interactions with dE-selectin. The trajectories presented in Fig. 5C (see supplemental V i d e o 1; at 150 mM NaCl) illustrate representative examples of the rolling behavior of cells defined as either "rolling" and/or "rolling and adhesion." The average velocity calculated from the slope of the rolling phase of the trajectories, average rolled distance, and percentage of cells that displayed adhesion behavior during rolling were calculated under each salt concentration tested in Fig. 5, A and B . At salt concentrations between 50 and 150 mM, we observed that these parameters were similar for PSGL-1 and CD44 (Fig. 5C ). As the physiological salt concentration is closer to 150 mM, CD44 supports slightly lower rolling velocity and higher numbers of adherent cells. However, when the salt concentration was increased to 200 mM, we observed that 1) the velocity of CHO-E cells rolling on PSGL-1 was significantly higher than on CD44, 2) the percentage of rolling cells that displayed adhesion behavior was more decreased on PSGL-1 compared with CD44, and 3) rolling distance maintained prior to detachment (i.e. the stability of the interaction) was longer on CD44 compared with PSGL-1 (Fig. 5C) . These results are consistent with the SPR binding measurements indicating that both CD44 and PSGL-1 bound dE-selectin with comparable kinetics at lower salt concentrations and that CD44 bound more strongly at higher salt concentrations. Furthermore, the slow dissociation rates of CD44 and PSGL-1 bind-ing to E-selectin explain the short distance traveled during tethering/rolling of CHO-E cells prior to firmly adhering.
Binding of Ligands to Monomeric E-selectin-Little is known about the actual physiological distribution of E-selectin on endothelial cells and the mechanisms by which they mediate cell adhesion under flow. Clustering and conformational changes of P-selectin resulting from force play a role in increasing the binding affinity between the endothelial cells and the flowing cells (23) (24) (25) . In stark contrast to our findings, previous SPR studies of selectin binding to various ligands tended to indicate fast on/fast off kinetics (26 -28) . Upon closer examination of the literature (Table 1) , we noticed that the form of selectin used, either dimer or monomer, plays a role. We therefore sought to characterize mEselectin binding to CD44⅐Hermes-3 mAb and PSGL-1⅐KPL-1 mAb. Interestingly, both ligands bound mE-selectin much more weakly than dE-selectin (Fig. 6A) . The binding kinetics displayed a transient nature (fast on-/fast off-rates) as evident in the curves displayed in Fig. 6A where RU max is reached immediately after the start of the mE-selectin injection and then returns to baseline immediately after the end of the mEselectin injection and the start of the wash with the buffer. The E-selectin monomeric and dimeric nature was confirmed by native gel analysis (Fig. 6B ). Immunoprecipitates of CD44/HCELL (A) and PSGL-1 (B) from KG1a cells were resolved by SDS-PAGE and blotted for HECA-452 prior to performing the assay. To control for the specificity of CHO-E binding to membrane glycoproteins, EDTA was added to the buffer containing the CHO-E cells before use in adhesion assays (gray bars). After cell perfusion, the numbers of rolling cells/field were counted from n ϭ 3 experiments using four distinct fields of view in each experiment. Data are reported as the mean Ϯ S.E. (error bars). C, single cell tracking of CD44 and PSGL-1 binding to E-selectin by blot rolling assays. The experiments were performed as described in A and B. The images were acquired at one frame/s, subjected to background subtraction and contrast enhancement in NIH ImageJ, and tracked on Imaris V7.6.4 software as described under "Experimental Procedures." The centroid position of the cells was determined with an accuracy of 10 Ϯ 4 m. The trajectories show the X-position of each rolling cell (parallel to the flow) versus time. Displacements that were greater than 4 m within 4 s were considered as rolling events, and those that were less were considered as adhesion events. The slope of the rolling phase of the trajectory was fitted linearly using OriginPro (gray line), and the mean velocity, V x , for each condition was calculated from the average of the slopes. The average velocity, percentage (%) of rolling cells that displayed adhesion behavior (as illustrated for the trajectories), and averaged traveling distance during the rolling phase of the trajectories under each condition are reported. Data are reported as the mean Ϯ S.E.
E-selectin Binding to CD44/HCELL Isolated from Hematopoietic Cells-CD44
has been shown to act as an E-selectin ligand on the surface of many hematopoietic cells and cancers (10, 15, 29 -32) . We therefore sought to characterize the intrinsic binding of dE-selectin to CD44 from the lysate of two additional hematopoietic cell lines, THP-1 and HL-60 cells. These cell lines express CD44 and display HECA-452-reactive sialyl Lewis structures that subsequently bound dE-selectin as assessed by flow cytometry and Western blotting (Fig. 7, A and  B) . Cellular extracts were prepared from THP-1, HL-60, and KG1a cells, and CD44 was captured by surface-immobilized Hermes-3 mAb. dE-selectin bound CD44 from both cellular extracts with kinetics comparable to that from KG1a (cf. Fig. 7 , C and D with Fig. 4E ). These results demonstrate that the intrinsic binding of CD44 from these different cells is comparable.
The expression of CD44 protein differs among the three cell types as seen in the flow cytometry in Fig. 7A where the highest level of CD44 protein was found on KG1a, whereas the lowest was found on HL-60. Western blot analysis of dE-selectin binding to nearly equivalent amounts of CD44 protein isolated from each of these three hematopoietic cell lines revealed that CD44 binds dE-selectin in all cell lines albeit to varying degrees. Analysis of sLe x (HECA-452) staining of CD44 by Western blotting indicated that CD44 from HL-60 and KG1a cells displays the highest signal for sLe x , whereas the signal from CD44 of THP-1 cells was lower (Fig.  7B) . The percentage of HECA-452 on THP-1 and HL-60 relative to the amount of bound dE-selectin after normalizing the slight difference in the amount of loaded CD44 was 50% for THP-1 and 150% for HL-60 relative to that in KG1a (Fig.  7B) . In fact, the stoichiometry of binding of dE-selectin to CD44 from THP-1 and HL-60 derived from their binding isotherm (Fig. 7 , C and D) as described above was 65 Ϯ 6 and 110 Ϯ 12%, respectively. Overall, these results demonstrate that levels of total CD44 protein are highest on KG1a cells, and the highest expression of CD44/HCELL is found on KG1a and HL-60 cells. But the intrinsic binding of CD44 is comparable in these cells.
Blot rolling studies of THP-1, HL-60, and KG1a under physiological flow conditions illustrated that CD44 isolated from KG1a and HL-60 cells supported rolling of CHO-E cells to similar levels, whereas CD44 isolated from THP-1 cells supported significantly less rolling. Interestingly, CD44 isolated from KG1a (2.1 Ϯ 0.8 m/min) cells led to significantly slower rolling velocities compared with that isolated from HL-60 (3.9 Ϯ 2.3 m/min; p Ͻ 0.001) and THP-1 (4.3 Ϯ 1.9 m/min; p Ͻ 0.001). These results suggest that ligand density (i.e. sLe x decoration on CD44) dictates binding to E-selectin and enables slower rolling velocities. A, Hermes-3 mAb (for CD44; 3650 RU), KPL-1 mAb (for PSGL-1; 5000 RU), or isotype control (3400 RU) was used for real time immunoprecipitation from KG1a lysates. Following antigen capture, mEselectin was injected at either 177 or 354 nM. The sensorgrams were corrected for the bulk refractive index and nonspecific interactions using the isotype control. This is a representative experiment of n ϭ 2 independent experiments. B, native PAGE of E-selectin monomer and dimer was performed where 2 g of mE-selectin and 4 g of dE-selectin were diluted in 2ϫ loading buffer (25% glycerol, 62.5 mM Tris base (pH 6.8), and 1% bromphenol blue) and then run on a 10% SDS-polyacrylamide gel without SDS in the running buffer. The gel was then visualized using SimplyBlue TM safe stain. This assay is representative of two independent experiments. 
Discussion
In this study, we demonstrated the feasibility of performing quantitative real time IP from cellular extracts on an SPR chip and applied this method to study the interaction of CD44/ HCELL and PSGL-1 with E-selectin (14, 15) . This novel approach allows researchers to look directly at native ligands expressed on the particular cell of interest. Purified native CD44/HCELL bound recombinant dE-selectin with a K D value of 137 Ϯ 6 nM at 50 mM NaCl; the binding displayed remarkably slow association (1200 Ϯ 82 M Ϫ1 s Ϫ1 ) and dissociation (1.7 ϫ 10 Ϫ4 Ϯ 0.1 ϫ 10 Ϫ4 s Ϫ1 ) rates (Fig. 4, A and E) . At 200 mM NaCl, the K D increased to 663 Ϯ 48 nM (Fig. 4, B and E) . Interestingly, k on-apparent was more sensitive to ionic strength than was k off-apparent (Fig. 4, B and E) , suggesting that CD44/HCELL relies on electrostatic interactions to initiate its contact with E-selectin prior to forming more specific interactions and firm . K D , k off-apparent , and k on-apparent were determined as described in Fig. 4 . D, summary of binding constants of CD44⅐dE-selectin at 50 mM NaCl captured from different cell lysates from four independent experiments. The binding study was performed and analyzed as described in Fig. 4A . E, adhesion bar graph for the blot rolling assay (rolling cells/mm 2 ) for CHO-E cells perfused over SDS-PAGE immunoblots of HECA-452-reactive membrane glycoproteins of either KG1a, HL-60, or THP-1 cells at 0.25 dyne/cm 2 and buffer NaCl concentrations of 150 mM. Immunoprecipitates of CD44/HCELL from KG1a, HL-60, or THP-1 cells were resolved by SDS-PAGE and blotted for HECA-452 prior to performing the assay (as described for Fig. 5 ). To control for the specificity of CHO-E binding to membrane glycoproteins, EDTA was added to the buffer containing the CHO-E cells before use in adhesion assays (gray bars). After cell perfusion, the numbers of rolling cells/field were counted in four distinct fields of view in each experiment. The adhesion bar graph is representative of three independent experiment and data reported as the mean Ϯ S.E. (error bars).
binding with E-selectin. Although the crystal structure of the lectin domain of E-selectin in complex with sLe x suggests that binding is primarily electrostatically mediated (33), these interactions are extensive and able to resist the increased salt in our assay.
PSGL-1 shared many features with CD44/HCELL binding to recombinant E-selectin. The K D was similar to that of CD44 at 50 mM but was 2-fold lower at 200 mM NaCl (Fig. 4) . The k on-apparent and k off-apparent were also comparable with those of CD44 and exhibited slow on-and off-rates with the on-rate more sensitive to the ionic strength than was the off-rate (Fig.  4E) . These binding kinetics were manifested in the functional blot rolling assay where PSGL-1 displayed slightly more sensitivity to increasing salt than CD44 (Fig. 5, A and B) . Single cell tracking of the blot rolling results revealed that the rolling parameters of PSGL-1, velocity, adherence, and rolling distance, were similar to those of CD44 at salt concentrations between 50 and 150 mM NaCl but weaker at 200 mM (Fig. 5C ). Using this quantitative approach, we concluded that binding of E-selectin to CD44/HCELL and PSGL-1 is very similar, but CD44/HCELL displays slightly better binding at and above physiological salt concentrations. These results also suggest that the tendency of E-selectin to bind its ligands is more dependent on the sLe x decoration. Using our SPR approach, we further characterized glycans required to support E-selectin binding. Prior studies in which whole cell lysates were used in conjunction with functional blot rolling assays reported that N-glycans rather than O-glycans are the key contributors to CD44/HCELL binding to E-selectin (14) . However, our data revealed that the removal of either Nor O-glycans resulted in a marked reduction in CD44 binding to E-selectin (Fig. 3) . Nonetheless, O-glycans alone were able to form a stable complex with E-selectin albeit more weakly than when both O-and N-glycans were present (Fig. 3, C and D) . Hence, these data reveal for the first time a role for O-glycans in CD44/HCELL-mediated interactions with E-selectin, indicating that O-and N-glycans are comparable scaffolds for sLe x . We suggest that the reason for not detecting this previously is that the O-glycans could have been masked by other E-selectin ligands expressed on the surface (14) . Indeed, a variant CD44/ HCELL isoform isolated from colon carcinoma LS174T cells binds E-selectin in an O-glycan-dependent manner (9) .
We also extended these studies to look at dE-selectin binding to CD44 isolated from two other leukemic cell lines, THP-1 and HL-60 cells. The current study is the first to show the expression of an E-selectin-binding form of CD44 on THP-1 cells. However, the existence of an E-selectin-binding form of CD44 on HL-60 cells is somewhat controversial. One study suggests that HL-60 cells roll on bone marrow endothelial cells likely through interactions via PSGL-1 and E-selectin because HECA-452 (anti-sLe x antibody) reactivity appeared to be greatest at the molecular mass of monomeric PSGL-1 (ϳ120kDa) in a whole cell lysate of HL-60 cells (14) . This study, however, did not look specifically at CD44 on HL-60 cells, and in fact because the expression of CD44 is indeed lower on HL-60 cells compared with KG1a cells, the sLe x staining may be too faint to detect. In a later study, CD44 isolated from HL-60 cells was able to support E-selectin and some P-selectin binding but at a significantly lower level compared with KG1a cells (32) . This study by Hanley et al. (32) also shows that the standard form of CD44 (CD44s; ϳ80 -95kDa) on HL-60 cells is recognized by the HECA-452 antibody, suggesting that it is decorated by sLe x .
Here we show in a direct manner that CD44 isolated from HL-60 cells is decorated with sLe x as determined by HECA452 reactivity is able to bind dE-selectin using Western blotting and our SPR assay and is able to support the rolling of CHO-E cells under flow (although with a rolling velocity that is faster than that measured for CD44 isolated from KG1a cells). Hence, this is the first study to show that CD44 isolated from THP-1 and HL-60 leukemic cell lines binds E-selectin. It is important to note that on a per cell basis the expression of CD44/HCELL varies among each of these cell lines and may therefore have a more prevalent role as an E-selectin ligand on KG1a cells where higher amounts of CD44/HCELL are expressed compared with THP-1 and HL-60 cells (Fig. 7, A and B) .
To our knowledge, this is the first documented binding kinetics of E-selectin to PSGL-1 or CD44 determined by SPR, although binding has been measured for another E-selectin ligand, E-selectin ligand-1 (28) . E-selectin ligand-1 binds mEselectin with a 100-fold higher K D than our reported K D for CD44 or PSGL-1 binding to the dE-selectin. We suspect this is likely the result of the use of mE-selectin.
Monomeric forms of selectins act differently than dimeric or oligomeric (i.e. clustered) forms of selectins. A review of the SPR literature with reference to whether the monomeric or dimeric selectin was used to calculate the K D values is presented in Table 1 . The data presented here show that mE-selectin binds with fast on/fast off kinetics, whereas dE-selectin binds with slow on/slow off kinetics to both PSGL-1 and CD44/ HCELL. Previous SPR studies using monomeric forms of selectins (P-, L-, and E-selectins) confirm that binding is transient (Table 1) (25) (26) (27) (28) (33) (34) (35) (36) (37) . In fact, a direct comparison of monomeric with dimeric P-selectin binding kinetics to PSGL-1 clearly indicates that by dimerizing P-selectin the K D is significantly reduced with slow on-/slow off-rates measured (34) .
Using a micropipette technique to analyze two-dimensional binding of mE-selectin or dE-selectin with mPSGL-1 or dPSGL-1, a recent study showed that mE-selectin binds equally to both mPSGL-1 and dPSGL-1; however, dE-selectin binds better to dPSGL-1 (38) . This implies that the reason why dEselectin binds tighter than mE-selectin is that the ligand is either a dimer (i.e. dPSGL-1) or has multiple binding sights (i.e. CD44/HCELL). Indeed, previous studies proposed that dimerization of both PSGL-1 and P-selectin stabilizes tethering and rolling likely by increasing "rebinding" within a bond cluster so if one bond dissociates there is an opportunity for it to rebind because the cell remains tethered by the second bond, and this prolongs the overall lifetime of the initial tether, allowing time for the cell to form new bonds (26, 39) .
Considering their function in the adhesion cascade of mediating cell tethering and rolling, selectins are hypothesized to bind their ligands with very fast association and dissociation rates. A consequence of this significant difference in kinetics between the monomeric and dimeric forms is that the k on is substantially lower (by 100 -10,000-fold), which would preclude the selectin from binding its ligand with fast association
